In tetrapod long bones, Hedgehog signalling is required for osteoblast differentiation in the perichondrium. In this work we analyse skeletogenesis in zebrafish larvae treated with the Hedgehog signalling inhibitor cyclopamine. We show that cyclopamine treatment leads to the loss of perichondral ossification of two bones in the head. We find that the Hedgehog co-receptors patched1 and patched2 are expressed in regions of the perichondrium that will form bone before the onset of ossification. We also show that cyclopamine treatment strongly reduces the expression of osteoblast markers in the perichondrium and that perichondral ossification is enhanced in patched1 mutant fish. This data suggests a conserved role for Hedgehog signalling in promoting perichondral osteoblast differentiation during vertebrate skeletal development. However, unlike what is seen during long bone development, we did not observe ectopic chondrocytes in the perichondrium when Hedgehog signalling is blocked. This result may point to subtle differences between the development of the skeleton in the skull and limb.
Introduction
The majority of the mammalian skeleton develops from a cartilage template in a process called chondral ossification. Initially, pre-cartilage condensations form in the early embryo and give rise to two cell types: Cells near the outside edge of the condensation flatten to form the perichondrium, a sheath of cells that will encapsulate the cartilage. Cells in the middle differentiate into chondrocytes and secrete cartilage matrix. As the cartilage template takes shape, chondrocytes in the centre undergo proliferation and then maturation into hypertrophic chondrocytes and finally apoptosis (Olsen et al., 2000) . Osteoblasts then differentiate in the perichondrium and secrete cortical bone around the cartilage template (termed perichondral ossification). Subsequently, vascularization of the cartilage core occurs and this brings in osteoblast precursors 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.11.006 and other cells which replace the cartilage with spongy bone (termed endochondral ossification). Once the perichondrium lays down cortical bone it becomes the periosteum and the periosteum plays an active role in skeletal growth and morphogenesis. A second major type ossification is called intramembranous ossification. This forms achondrally (i.e. in the absence of cartilage) when mesenchymal cells condense together and differentiate into osteoblasts. Typical chondral bones are the long bones of the limbs or the vertebrae and the skull bones are examples of achondral ossification.
Periskeletal tissues are thought to provide stem cell niches for skeletal growth and repair. Within the perichondrium of growing long bones, there is a proliferative zone called the groove of Ranvier that expresses mesenchymal stem cell markers (Karlsson et al., 2009 ), provides precursor cells for both endochondral and perichondral ossification (Shapiro et al., 1977) and is a hot spot for initiation of bone tumours (Roehl and Pacifici, 2010) . Cell lineage studies performed during bone repair have found that the periosteum neighbouring a fracture provides both chondrocytes and osteoblast precursors (Colnot, 2009) . And both tissues have been shown to harbour adult mesenchymal stem cells (MSCs) that are capable of differentiating into myocytes, osteoblasts, adipocytes, chondrocytes, and stromal cells in vitro and in vivo (Arai et al., 2002; De Bari et al., 2006) . However, despite these advances, we still have a very limited knowledge of how periskeletal stem cells are established and what factors regulate their developmental potential.
Hedgehog signalling regulates cell fate specification, cell proliferation and cell survival (Ingham and McMahon, 2001 ). The vertebrate Hedgehog family consists of three members: Sonic Hedgehog (Shh), Desert Hedgehog (Dhh) and Indian Hedgehog (Ihh). Mutations in the Hedgehog pathway are linked to a variety of skeletal patterning defects in humans such as brachydactyly type A-1 and acrocapitofemoral dysplasia (Gao et al., 2001; Hellemans et al., 2003) . Ihh À/À mice show reduced chondrocyte proliferation, abnormal chondrocyte differentiation, and a lack of endo-and perichondral ossification (St-Jacques et al., 1999) . Analysis of the perichondral phenotype has led to the model that Ihh produced by hypertrophic chondrocytes signals to the perichondrium to induce osteoblastogenesis (Long et al., 2004; Vortkamp et al., 1996) . Strikingly, removal of the Hedgehog co-receptor Smoothened from perichondral cells leads to ectopic chondrocyte differentiation in the perichondrium. This suggests that Ihh signalling acts directly upon an osteochondral progenitor present in the perichondrium to promote osteoblast differentiation at the expense of chondrocyte differentiation (Kronenberg, 2007) . These results are further supported by in vitro analysis that has shown that Ihh promotes osteoblast differentiation in MSCs and blocks the adoption of other lineages (Shimoyama et al., 2007) . Studies on zebrafish skeletogenesis suggest that much of the regulatory mechanisms are conserved between fish and other vertebrates. As in mammals, zebrafish ossify by achondral, perichondral and endochondral route (Cubbage and Mabee, 1996; Verreijdt et al., 2006) . Markers of osteoblast and chondrocyte differentiation are conserved during zebrafish bone formation (Li et al., 2009; Yan et al., 2002) and mutations that accurately model several human diseases have been identified (Clement et al., 2008; Fisher et al., 2003; Lang et al., 2006) . The role of Hedgehog signalling has been investigated and it has been shown that Ihh homologues (ihha and ihhb) are expressed in hypertrophic chondrocytes during skeletogenesis (Avaron et al., 2006; Eames et al., 2010) . One recent study has shown that Hedgehog signalling activates expression of the osteoblast markers and promotes transdifferentiation of chondrocytes into osteoblasts during endochondral ossification (Hammond and Schulte-Merker, 2009 ).
We wondered whether Hedgehog signalling plays a conserved role during perichondral bone formation in zebrafish. We show that the Hedgehog target genes patched 1 and patched 2 (ptc1/2) are expressed in the perichondrium prior to osteoblastogenesis. We treat animals with the Hedgehog inhibitor cyclopamine and find that perichondral ossification is lost. We test for changes in expression of osteoblast marker genes and find that runt-related transcription factor 2 (runx2b), osterix (osx) as well as collagen 10a1 (colX) are reduced or lost in the perichondrium after inhibition of Hedgehog signalling. We show that genetic up-regulation of the Hedgehog pathway results in increased perichondral ossification. In addition, we find that marker gene expression is mildly reduced in osteoblasts associated with dermal ossification centres. These data indicate that Hedgehog signalling plays a conserved role by promoting the recruitment of perichondral precursor cells to the osteoblast lineage during skeletal development.
2.
Materials and methods
Zebrafish stocks and embryo treatment
Zebrafish (Danio rerio) embryos were obtained from nacre adult fish. The embryos were raised at 28.5°C in Embryo Medium (E3) (Westerfield, 2000) and staged according to (Kimmel et al., 1995) . The patched mutants (ptc1 hu1602 and ptc2 tj222 ) were provided by Freek van Eeden (University of Sheffield). Cyclopamine (Calbiochem) was dissolved in ethanol (EtOH) and was added to E3 medium to a concentration of 50 lM and during treatment embryos were incubated at 28.5°C. This concentration of cyclopamine has been shown to be effective at reducing Hedgehog signalling during somitogenesis in zebrafish (Wolff et al., 2003) . After the treatment, the fish were washed 3· with E3 and raised until they were fixed with 4%PFA. As the quality of cyclopamine varied between different lots, we had to adjust the concentration of cyclopamine according to the effect the treatment did show on ptc1 expression to achieve similar results at each treatment.
2.2.
Whole-mount in situ hybridization and Collagen 2 antibody staining RNA in situ hybridization was performed as described by (Thisse and Thisse, 2008) . Several individual fish were analyzed and in some cases dissection was necessary to confirm expression. For the ptc1 and ptc2 analysis, cDNA clones from R. Kim and P. Ingham were used and other probes were made as previously described (Li et al., 2009) . Collagen 2 antibody staining was performed as previously described (Clement et al., 2008 ).
2.3.
Alizarin red, von Kossa and Alcian blue staining Embryos were fixed in 4%PFA for 1 h at RT. The fish were then stained in 1% silver nitrate for 1 h under a 60 W light bulb, fixed in 2.5% sodiumthiosulfate for 15 min and stored in 75% glycerol. Alcian blue and alizarin red staining was performed as previously described (Clement et al., 2008) .
Calculation of the average amount of cells in the ceratohyal
The total length of the ceratohyal was measured in four controls and four cyclopamine treated fish at each time point (after Alcian blue staining). In addition, the width of 10 cells in the centre of each ceratohyal was measured. From the average of these measurements we were able to calculate how many cells are expected to be present in the ceratohyal by dividing the average total ceratohyal length through the average cell width. However, it should be noted that in the joint regions of the ceratohyal, there are many small and irregularly-shaped cells. Thus this is an underestimation of the number of cells in the entire ceratohyal.
2.5.
Quantification of bone staining and in situ hybridisation of bone markers
To quantify the staining, three independent clutches (>10 fish) were treated with EtOH or cyclopamine and processed identically for each experiment. These three batches were then scored for the presence of staining associated with a given bone, and the data was combined to generate an average with associated standard deviation. As loss of staining was generally all or nothing, animals were scored for the presence of any staining (scored as one) or the complete loss of staining (scored as 0). The data presented in Fig. 4K was based upon two clutches of 30 larvae for each experiment.
Results

ptc1. expression presages ossification of the perichondrium
It has been shown that the two zebrafish Ihh homologues (ihha and ihhb) are expressed in hypertrophic chondrocytes in 5 day old embryo (Avaron et al., 2006; Eames et al., 2010) . In addition, the two Hedgehog co-receptors ptc1 and ptc2 are expressed in the perichondrium as well as chondrocytes of chondral bones. In the zebrafish head, early skeletal elements appear at 3-4 dpf (days post fertilization) and by 6 dpf much of the cartilage and bony skeleton is formed (Cubbage and Mabee, 1996; Schilling and Kimmel, 1994) . Since previous analysis focused on expression after ossification is underway, we decided to look at the expression pattern of ptc genes before the onset of ossification, focusing on the ceratohyal which begins to undergo ossification by 132 hpf (hours post fertilization). Starting at 72 hpf, ptc1 is strongly expressed in cells surrounding the newly formed ceratohyal as well as other cartilage elements ( Fig. 1A and  D) . By 96 hpf, ptc1 expression is enhanced in a ring of cells surrounding the central region of the ceratohyal ( Fig. 1B  and E ). This region is where perichondral ossification of the ceratohyal is seen at 144 hpf (compare to Fig. 2B ). Therefore, it is likely that this expression includes perichondral cells fated to become osteoblasts. Expression continues at 120 hpf but is weak by 144 hpf (Fig. 1C , F and data not shown). The expression of ptc2 follows a similar course, but the enrichment around the ceratohyal between 72 and 120 hpf is less strong (Fig. 1G-L) . Given that ptc genes are transcriptional targets of Hedgehog signalling (Agren et al., 2004; Wolff et al., 2003) , these results suggest that the Hedgehog signalling pathway is active in the perichondrium before the onset of ossification.
Hedgehog signalling is required for perichondral ossification in zebrafish
To determine whether Hedgehog signalling regulates perichondral ossification we investigated whether bone is lost after downregulation of Hedgehog signalling with the inhibitor cyclopamine. We treated embryos at different timepoints for 24 h and examined ossification by von Kossa staining at 6 dpf. We found that ossification is not noticeably affected by treatments starting at 48 or 120 hpf (Fig. 2B, C, I and J). However, treatments at 72 and 96 hpf strongly reduce ossification of the hyomandibula and ceratohyal, two perichondral bones that are present by 6 dpf (Fig. 2E-H) . The remaining craniofacial bones which form by achondral ossification were unaffected by these treatments. To determine the significance of these changes, fish were analyzed for the presence of ossification in the ceratohyal and hyomandibula or not. These results show that cyclopamine treatments starting at 72 or 96 hpf lead to a severe reduction of ossification in the ceratohyal and hyomandibula (Fig. 2K) . To test whether achondral bones are affected by the treatment, we performed the same quantification for the dentary, which ossifies around the same time as the ceratohyal. There was no significant change visible in this bone suggesting that Hedgehog signalling is predominantly required for perichondral ossification.
Given that Hedgehog signalling plays an important role in craniofacial patterning and chondrocyte proliferation (Hammond and Schulte-Merker, 2009; Schwend and Ahlgren, 2009; Vortkamp et al., 1996; Wada et al., 2005) , we decided to test whether the cartilage skeleton is affected by our treatment regimen. We saw no changes in the patterning of the skeleton in all treatments (Fig. 3A-F) . When we compared the average amount of cells present in the ceratohyal we could not see any significant difference between treated and untreated fish (Fig. 3G) . This data suggests that treatment with cyclopamine at this time in development does not affect chondrocyte proliferation or craniofacial patterning and specifically targets perichondral ossification. 
Expression of osteoblast markers is dependent on Hedgehog signalling
From previous work, we know that several osteoblast differentiation markers begin to be expressed around 72 hpf in the ceratohyal (Li et al., 2009) . We decided to examine their expression directly after cyclopamine treatment from 72 to 96 hpf. These markers included runx2a, runx2b (both markers of early pre-osteoblasts) (Flores et al., 2004 (Flores et al., , 2006 Li et al., 2009; van der Meulen et al., 2005) , osx (a later marker for pre-osteoblasts) and colX (a matrix protein expressed strongly in pre-osteoblasts and osteoblasts of the zebrafish skull) (Avaron et al., 2006; Li et al., 2009) . We focused on the ceratohyal for this analysis because staining in this structure is more robust than in the hyomandibula. Expression of all of these marker genes was drastically downregulated in the ceratohyal after the treatment (Fig. 4A-H) . Expression around dermal bone ossifications like the dentary and maxilla was also mildly reduced, but not absent. This is consistent with the nominal role Hedgehog signalling plays during dermal ossification in chick and mouse (Long et al., 2004; Vortkamp et al., 1996) . ptc1 expression was also tested to monitor the effectiveness of the cyclopamine and was shown to be strongly downregulated after the treatment (Fig. 4I and J) . From these results, we can conclude that osteoblast differentiation associated with the ceratohyal is dependent upon Hedgehog signalling.
patched1 acts to repress osteoblast differentiation in the perichondrium
As we found ptc genes are expressed in the perichondrium we next wondered whether the ptc mutant fish would have an ossification phenotype. Mutations in both ptc1 and ptc2 have been identified in zebrafish and have been shown to be negative regulators of Hedgehog signalling and to increase proliferation in many tissues (Koudijs et al., 2005) . Previous analysis of the skeletal phenotype of these fish found that both ptc genes affect osx expression and bone ossification (Hammond and Schulte-Merker, 2009 ). We found that expression of osx in the ceratohyal perichondrium was strongly upregulated in some ptc1 bridges from the joint of the opercle to the hyomandibula (insets in E and F). Please see Fig. 2 for abbreviations and notes.
( Fig. 5A and B) but no significant changes were seen in ptc2 À/À fish ( Fig. 5C and D) . We also found that by 168 hpf a small number of ptc1 À/À fish also had increased perichondral ossification while ptc2 À/À fish showed no change ( Fig. 5E and H) .
ptc1
À/À fish also display ectopic perichondral ossification that forms between the hyomandibula and opercle (insets in Fig. 5E and F) . Given that ptc genes play an inhibitory role in the Hedgehog pathway, these findings lend support to the model that Hedgehog promotes perichondral osteoblast differentiation.
Downregulation of runx2b by cyclopamine takes 8 h
To determine how rapidly Hedgehog signalling regulates osteoblast cell fate, we did a time course of treatment and monitored runx2b expression at 4, 6 and 8 h intervals. Expression of runx2b was strongly downregulated only after 8 h (Fig. 6E and F) whereas only weak changes were seen after 4 and 6 h ( Fig. 6A-D) . Quantification of runx2b expression in the ceratohyal in control and treated embryos confirmed these results (Fig. 6M) of Hedgehog signalling (Agren et al., 2004) , was also not downregulated until after 8 h (Fig. 5G-L) . Therefore down regulation of runx2b expression occurs at the same rate as that of ptc1.
colX expression partially recovers after pulse treatment with cyclopamine
We next wondered whether the reduction of bone staining after pulse treatments with cyclopamine (Fig. 2) is the result of an irreversible loss of osteoblasts associated with chondral bones. This would be the case if for example cyclopamine treatment resulted in stable differentiation into another cell type or apoptosis of precursor cells in the perichondrium. To test this we treated fish for 24 h at several time points and fixed them at 144 hpf. colX was used as a marker for osteoblasts. Whereas treatment from 48 to 72 hpf did not show any changes in colX expression ( Fig. 7A and B) , later treatment from 72 to 96 hpf, 96 to 120 hpf or 120 to 144 hpf showed progressively more loss of expression on the ceratohyal and hyomandibula ( Fig. 7C-H) . Achondral domains of colX expression were mildly affected by this treatment. The quantitative analysis (Fig. 7I) shows that whereas fish treated from 72 to 96 hpf and fixed immediately after treatment ( Fig. 4G and H) are only 11% colX positive, those treated from 72 to 96 hpf and then allowed to recover until 144 hpf ( Fig. 7C and D) are 58% colX positive. This suggests that although cyclopamine treatment effectively reduces osteoblast recruitment from the perichondrium, precursor cells are still present and can differentiate into osteoblasts once Hedgehog signalling is restored. In addition, late treatment from 120 to 144 hpf reduces colX expression indicating that osteoblasts are still receiving Hedgehog signalling at this time even though this treatment does not have a strong effect on ossification levels (Fig. 2K) .
3.7.
Blocking Hedgehog signalling does not lead to ectopic chondrocytes forming within the perchondrium Experiments in mouse suggest that in addition to its role in promoting osteoblast differentiation, Hedgehog signalling acts to block chondrogenic cell fate in the perichondrium (Kronenberg, 2007) . Thus we would predict that cyclopamine treatment of zebrafish larvae would result in the formation of ectopic chondrocytes in the perichondrium of the ceratohyal. To analyze whether this might be the case, we treated fish from 72 to 96 hpf, and then stained them using a Collagen II (Col II) antibody either immediately or at 144 hpf. Col II is a collagen matrix molecule secreted by chondrocytes. At neither time point did we observe ectopic chondrocytes in the region of the perichondrium (Fig. 8) . Intriguingly, cyclopamine treatment results in transient accumulation of intracellular staining suggesting that cyclopamine temporarily interferes with secretion of Col II (arrow in Fig. 8B ).
Discussion
Studies performed on mouse long bones have suggested the model that Hedgehog signalling emanating from the cartilage acts upon osteochondral progenitors in the perichon- drium to mediate a reciprocal cell fate choice between chondrocyte and osteoblast (Long et al., 2004; St-Jacques et al., 1999) . In this work we show that Hedgehog signalling similarly regulates differentiation of osteoblasts associated with two perichondral bones of the zebrafish head. We find that the Hedgehog target genes ptc1 and ptc2 are expressed in regions of the perichondrium that will form bone before the onset of ossification. We find that pharmacological inhibition of Hedgehog signalling reduces osteoblast marker expression in the perichondrium as well as subsequent ossification of perichondral bone. Up-regulation of Hedgehog signalling in the ptc1 mutant has the inverse effect. By defining the timing of Hedgehog's function, we show that its role in perichondral ossification can be uncoupled from its other roles in the skeleton such as in chondrocyte proliferation. However, unlike what has been described in mouse long bones, we have been unable to show that perichondral cells differentiate into chondrocytes in the absence of Hedgehog signalling in zebrafish. Studies performed in mice also did not observe ectopic chondrocytes forming in the head of Ihh À/À animals (Abzhanov et al., 2007) . Furthermore, in concordance with our results, these researchers only detected a mild affect on osteoblast marker expression associated with cranial dermal bones when Hedgehog signalling is reduced. These findings point towards differences in the regulation of osteoblastogenesis in the head. Whereas most of the head skeleton is neural crest derived, the axial and limb skeleton are solely of mesodermal origin.
There are also molecular differences: in the head markers that are normally restricted to expression in osteoblasts are expressed in chondrocytes. For example, in chick and mouse, sox9 and col II which would normally be expressed in chondrocytes in the limb are found expressed in osteoblasts associated with dermal ossification in the head. These cells are called chondrocyte-like osteoblasts, or CLO cells (Abzhanov et al., 2007) . We have also detected sox9 and col II transcripts at the same time as those of runx2a, runx2b and osx in the ceratohyal perichondrium (data not shown). Furthermore, as was seen in CLO cells, we surprisingly did not detect Col II protein in these cells (Fig. 7) . This suggests a conserved post-translational mechanism for silencing chondrocyte characteristics is present in both perichondrial and CLO cells of the head. Together these data indicate that the accepted view of the osteoblast cell type and Hedgehog signalling's role during osteoblast differentiation may be significantly different in the head.
A recent study in zebrafish also identified a role for Hedgehog signalling in zebrafish skeletogenesis and the results are comparable to ours (Hammond and Schulte-Merker, 2009 ). This paper found that besides being expressed in the perichondrium, osx is expressed in a sub-population of chondrocytes. Another study has also identified osx expressing cells in the cartilage (DeLaurier et al., 2010) . We have been unable to detect osx expression in chondrocytes, however this may be because these studies used transgenic reporters and we have relied upon RNA in situ protocols. In mouse, expression of osx and other osteoblast markers has been described in hypertrophic chondrocytes in the growth plate (Gerstenfeld and Shapiro, 1996; Nakashima et al., 2002) . As the cartilage around hypertrophic chondrocytes is calcified, a simple explanation for this expression is that these chondrocytes secrete bone matrix to contribute to the endochondral ossification process (Gerstenfeld and Shapiro, 1996) . This may also be the explanation for the expression of osx observed in zebrafish as much of the skeleton is made up of chondroid bone. Chondroid bone consists of chondrocytes embedded in a calcified cartilage matrix: It is found in all vertebrates but is especially prevalent in teleost species (Beresford, 1981 (Beresford, , 1993 Huysseune, 2000; Witten and Huysseune, 2009 ). An alternative explanation is that upon expressing osteoblast markers chondrocytes transdifferentiate into osteoblasts (Hammond and Schulte-Merker, 2009) . Lineage analysis at the single cell level should be able to distinguish between these two models.
Although hypertrophic chondrocytes are the source of Indian Hedgehog in the limb, it is not clear which tissue provides the signal for the early wave of osteoblast recruitment in the head. At this stage, chondrocytes of the ceratohyal and hyosymplectic have not yet become hypertrophic, and dermal ossification centres are not associated with chondrocytes at all. Our attempts to detect ihha at 72 hpf were unsuccessful (data not shown) however other members of the Hedgehog family, such as sonic hedgehog b, have complex expression patterns in the head around this time and thus may substitute for ihh to start head osteoblastogenesis. By determining which tissues are responsible for the initiation of osteoblastogenesis in the head, we may come to a better understanding of the evolutionary origins of the vertebrate skeleton.
